Glycoproteins adhered on the cellular membrane play a pivotal role in a wide range of cellular functions. Their importance is particularly relevant in the recognition process between infectious pathogens (such as viruses, bacteria, toxins) and their host cells. Multivalent interactions at the pathogen-cell interfaces govern binding events and can result in a strong and specific interaction.
I n nature, multivalency is important for the selective binding of many receptors to their target molecules. The phenomenon has been shown to play a significant role in a variety of key biological processes such as guest−host recognition, cellular adhesion, and signaling processing. 1, 2 One of the most relevant examples of multivalency in nature is the interaction between multivalent proteins and membrane-bound carbohydrates on the cell surface. The cell membrane is characterized by a diversity of glycoproteins and glycolipids that anchor an abundant heterogeneity of carbohydrates to the cell surface. Many infectious pathogens, such as virus and bacteria, specifically recognize their host cells through multivalent interactions with these sugars to start the infection process. 3, 4 The monovalent interaction of a carbohydrate with a protein is usually weak, with the overall binding avidity significantly enhanced when the sugars are displayed in a multivalent context, where the corresponding protein can interact with multiple sugars.
Many researchers have therefore attempted to synthesize mimics of the cell surface that display multivalent ligands, typically for the detection or inhibition of biological pathogens. 5−7 For example, dendrimers, 8, 9 fullerenes, 10 rotaxanes, 11 polymers, 12 and peptosomes 13 have been applied to bind and inhibit multivalent sugar-binding proteins. The development of 2-dimensional biomimetic nanomaterials has recently attracted enormous interest for different applications like ion transport, biomimetic sieves, drug delivery, and biosensing. 14 Lipids, polymers, and block copolymers are the most reported building block for the preparation of such membrane mimetics. 15, 16 The natural tendency of phospholipids to self-assemble has been widely exploited to create "supported lipid bilayers", where the lipids are self-assembled on a solid or polymeric substrate. 17, 18 Using this approach, the obtained surface has been extensively used as a model for cell membrane and the introduction of synthetic glycans was also applied to study the behavior of carbohydrate-binding proteins to the membrane. Carbohydrate microarrays have recently become a powerful tool to study the multivalent interaction between sugars and proteins due to the selectivity that governs this binding. 19−22 These microarrays are prepared by depositing in ordered arrangement unmodified or modified carbohydrates, glycodendrimers, or glycopolymers to a solid surface, which allows the simultaneous analysis of a wide variety of carbohydrate−protein interactions. 23−26 In the present work, we develop a method to display sugars in structurally well-defined, free-floating two-dimensional (2D) arrays in a multivalent disposition at a controlled density, taking advantage of the structure of peptoid nanosheets. Peptoids are a synthetic biomimetic polymer family composed of Nsubstituted glycine monomers. 27 We recently discovered that an opportunely designed sequence of alternating polar and nonpolar peptoid monomers was able to self-assemble into highly stable, 2D nanosheets in water. 28−30 By combining experimental results and molecular dynamics simulation, the atomic-resolution structure of this nanomaterial was determined, revealing a highly ordered self-assembled material. 31 Different modifications of the polymer sequence have been investigated to study the properties of the resultant material, 32, 33 like the insertion of a hydrophilic domain to decorate the nanosheet with loops 34 or the insertion of photoreactive cross-linking groups in the hydrophobic core to increase the stability of the nanosheets after photoirradiation. 35 Peptoid nanosheets exhibit structural features similar to the cell membrane, like a hydrophobic core, a zwitterionic hydrophilic surface, a thickness of 3 nm, and a length and width of hundreds of micrometers. Recently, the group of Chen reported a new peptoid-based material that, in addition to the characteristics just mentioned, resembles a cellular membrane also for its spontaneous assembly, the ability to self-repair and to respond to changes in Na + concentration modifying its thickness. 36 Herein, we present a functionalized nanomaterial based on glycosylated peptoid nanosheets, able to mimic the cell surface and to specifically recognize proteins by multivalent interactions. An advantage in the use of peptoid is that contrary to standard polymers, their monomer sequence can be precisely controlled. This enables us to finely tune the nanosheet structure by introducing specific modifications. To create cellsurface mimetic nanosheets, a variety of carbohydrate units were covalently incorporated into the peptoid polymer using linkers of different lengths or within a loop-insert region ( Table  1 ). The self-assembly of such peptoids resulted in the formation of engineered nanosheets, characterized by a homogeneously decorated surface with specific ligands for different macromolecules. The properties of these materials were then evaluated for their ability to recognize carbohydrate binding proteins. The multivalent lectins, Concanavalin A (ConA) and Wheat Germ Agglutinin (WGA), and Shiga toxin type 1 B subunit (Stx1B) were chosen to demonstrate the utility of this approach. A Forster resonance energy transfer (FRET) binding assay was developed to enable high-throughput screening of a library of functionalized nanosheets and be able to determine selectivity and avidity of the different conjugates. We found that glycosylated peptoid nanosheets exhibit selective binding affinity to proteins by multivalent interactions as determined by fluorescence microscopy and FRET studies.
RESULTS AND DISCUSSION
Synthesis of Glycosylated Peptoids. The ability of peptoids, a class of sequence-defined synthetic polymer, to selfassemble into a 2D nanomaterial has been exploited to create a biofunctional free-floating material that mimics the cell surface. Peptoid nanosheets are formed by a hierarchical mechanism, which involves a first formation of an ordered monolayer at the air−water interface, followed by its irreversible collapse into a bilayer, due to a lateral compression. 30 The peptoid strands that form these supramolecular nanosheets are characterized by an alternating sequence of an aromatic monomers, N-(2phenylethyl)glycine (Npe), and a polar, ionic monomer. The polar groups are distributed in two blocks, one anionic, composed of N-(2-carboxyethyl)glycine (Nce) monomers, and one cationic, with N-(2-aminoethyl)glycine (Nae) residues. We have developed an efficient strategy to engineer the peptoid strands to modulate the nanosheet features and the properties. 32−35 Inserting short polar domains, composed of uncharged N-(2-methoxyethyl)glycine (Nme) residues, in the middle of the nanosheet forming peptoid sequence results in the display of loops on the exterior surface of the nanosheets to display functional groups of interest. 34 Recently, this strategy has been also exploited to incorporate a specific peptide on the loop for the molecular recognition of Alzheimer's disease serum. 37 Taking advantage of the modularity of the system, we inserted clickable alkyne side chains into a loop sequence to enable the specific conjugation of ligands for surface display. Nanosheet-forming 28mer or 36mer peptoid sequences were modified with a single alkyne monomer with different linker lengths, or a series of hydrophilic monomers with an alkyne in the center to create a loop. In our previous study, we observed that increasing the length of the inserted loop sequences influences the height and the roughness of the modified nanosheets proportionally, as monitored by atomic force microscopy (AFM) and X-ray powder diffraction (XRD). 34 Here, we introduced a hydrophilic loop domain composed of six residues of N-(2-methoxyethyl)glycine (Nme) residues with an N-propargylglycine residue in the middle (Table 1) to serve as the site of conjugation.
To introduce the saccharides onto the nanosheet surface, we designed both a pre-and a postassembly conjugation approach (Figure 1 ). In the preassembly approach, free peptoids were first conjugated to carbohydrates, HPLC purified, and then selfassembled. This approach has the advantage to precisely control the composition of the final nanosheet, permitting the study of ligand display density on the binding properties. Alternatively, to explore the possibility of creating combinatorial libraries of carbohydrate-functionalized nanosheets, a second approach was developed where unfunctionalized alkyne nanosheets were first formed, and then the glycosylation reaction was performed in situ on the material. By using this pathway, it is possible to fractionate a single batch of nanosheets and attach a different carbohydrate to each portion ( Figure 1 and Figure S1 ). To have a complete control on the composition of our nanomaterial and to be able to tune the density of the displayed sugars on the nanosheets surface, we primarily focus here on the preassembly conjugation approach.
Synthesis of Glycosylated Peptoid Nanosheets. Click chemistry is a powerful tool to readily conjugate two molecules and involves a 1,3-dipolar cycloaddition between an alkyne and an azide. 38 Depending on the alkyne, the reaction can be catalyzed by copper or can occur without any catalyst, a characteristic very appealing for the bioconjugation in living systems. In previous works, click chemistry has been already utilized to cyclize peptoids on resin 39, 40 or to functionalize the polymer with estradiol and ferrocene 40 in an effort to develop therapeutics and biosensors based on peptoids. As an extension of this work, here we use the same approach to click bioactive molecules on the polymer to obtain functionalized peptoid nanosheets.
The standard nanosheet-forming 28mer peptoid was modified at the 26th position, replacing a polar Nae residue with an N-propargylglycine or an N-(4-pentynyl)glycine monomer (peptoids 3 and 4, respectively) to study the impact of side chain linker length on the binding. These structures were designed to have two short linkers resulting in a spacing of 4 or 6 atoms between the peptoid backbone and the sugar (compounds 5 and 6). We also designed constructs where the alkyne-containing monomer was flanked by several polar Nme monomers 34 to display the sugar in the context of a flexible loop, perhaps making the sugars less sterically hindered. To compensate for the increased hydrophilicity generated by the loop and saccharide, it was necessary in certain cases to alternate on the hydrophobic core of the peptoid sequence N-(2-(4-biphenyl)ethyl)glycine and N-(2-phenethyl)glycine residues (e.g., peptoid 7) to obtain good yields of nanosheet formation. Glycosylation reactions on the purified alkyne derivatives was performed on peptoids 3, 4, and 7. We took advantage of a recently reported procedure developed by the group of Fairbanks to synthesize peptide glycoconjugates directly in one-pot from native sugars. 41 We first demonstrated the approach by functionalizing the peptoids with mannose, which specifically binds the multivalent lectin protein ConA. Mannose was initially converted in the azido-derivative in the presence of 2-azido-1,3-dimethylimidazolinium hexafluorophosphate, which acted as both activating agent for the anomeric hydroxylic group and source of azide. The reaction was performed in a mixture of D 2 O and acetonitrile for 4 h, using an excess of triethylamine. Without any purification of the azidemannose derivative, the crude product was mixed with each of the purified alkyne-peptoids 3, 4, or 7 in a solution of water and acetonitrile 1:1 (v/v), in the presence of tetrakis(acetonitrile)copper(I) hexafluorophosphate (TACP) as copper catalyst, 2,6lutidine as base, and tris(hydroxypropyltriazolylmethyl)amine (THPTA), as stabilizing agent, affording overnight the desired glycosylated derivatives ( Figure 2 ) in good yield. Each peptoid was then purified by HPLC, and the final products were analyzed by analytical HPLC and MALDI mass spectrometry (see Supporting Information).
A slightly different approach was followed to obtain more complex di-and trisaccharide conjugated glycopeptoids (11− Figure 1 . Scheme for the synthesis of glycosylated peptoid nanosheets. Starting from alkyne-functionalized peptoid, one route considers the glycosylation of the free peptoid followed by self-assembly into functionalized nanosheets (left). In the second route, nanosheets were first formed with the alkynylated peptoid followed by sugar conjugation (right). 
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Article 14, Figure 3A ). Here, we used a small loop in combination with a longer linker to the sugar unit. 36mer strands were modified by inserting one N-propargylglycine flanked by two Nme units in the middle of the peptoid oligomer sequence, resulting a 37mer (S1) and a 39mer (S2), respectively ( Figure S2 ). These were used to conduct conjugation reactions with either 6-azido N-hexanoyl derivative of globotriosylamine (18) , the natural ligand of Shiga toxin 1 subunit B (Stx1B), or β-D-lactosylamine (17) (used as control in the Stx1B binding study). Shiga toxin is an AB 5 toxin and is composed of two subunits. Subunit A is the bioactive part of the protein with enzymatic activity and subunit B is the recognition domain, which is a pentamer with 15 binding sites on one face for globotriaosylceramide to engage with cell surface receptors. 42−44 In peptoids 12 and 14 displaying globotriose, the spacing between the pendant saccharide and the peptoid backbone was designed such that there are at least 11 atoms between them to allow sufficient exposure on the hydrophilic exterior. In addition, based on the fully extended spacer length, it was speculated that two saccharides in adjacent peptoid strands would be displayed to extend over two binding sites of Stx1B. 45 Indeed, the distance between binding sites on Shiga toxin is about 14 Å, while the distance between sugars (without a linker) on the peptoid nanosheets is expected to be around 9 Å ( Figure S5C) . The presence of a long linker allows additional mobility of the appended sugar, resulting in an increased distribution of the distances between sugars that could span between 0 and 20 Å. Globotriose with N-acyl aglycone at the reducing end has been shown to bind with Stx1B without losing affinity. 46 For this reason, we used N-acyl sugar derivatives, which also facilitated their derivatization into clickable azido sugars. Azido sugar derivatives were made as shown in Figure 3B . First, glycosylamines (15 and 16) were made by reacting the corresponding reducing sugars with NH 4 HCO 3 in aqueous ammonia followed by the acylation with N-hydroxysuccinimide activated 6-azidohexanoic acid (19) . 47−49 Alkynylated peptoids (S1 and S2) and azido sugar derivatives (17 or 18) were allowed to react in the presence of TACP and THPTA in DMF to afford the desired glycosylated derivatives ( Figure 3A ) in just 2 h at room temperature. Each peptoid was then purified by HPLC to >90% purity to afford a 17−34% yield as analyzed by analytical HPLC and MALDI mass spectrometry.
Peptoid Nanosheet Assembly and Characterization. Glycosylated peptoids were then assembled into nanosheets. The formation of the nanosheets was analyzed by fluorescence microscopy (Figure 4 ) and SEM ( Figure S3A −C), and their size and abundance was comparable with previously reported peptoid nanosheets. 30, 34 Powder X-ray diffraction (XRD) was also performed to analyze the structural features of the material and in particular to assess the display of the loop on the functionalized nanosheets ( Figure S3D ,E). In our previous work, 28, 34 we determined that XRD can directly provide information on the nanosheet thickness and chain−chain spacing. A characteristic peak at 4.6 Å was attributed to the peptoid interstrand spacing and was present in the XRD of all the glycosylated samples. Glycosylated peptoids 5 and 6 without loop showed a thickness of 3.0 and 3.1 nm, respectively, slightly higher than the control peptoid 1 (2.8 nm). 34 We previously showed that loops on peptoid nanosheets result in an increase in the material thickness. The same was observed here with the glycosylated loop-peptoid nanosheets. The nanosheets formed by mannose, N-acetylglucosamine, and galactose derivatives (peptoid 8, 9, and 10) showed thicknesses in the range of 3.4 and 3.6 nm. In contrast nanosheets formed by peptoid 2 and loop-peptoid 7 were 3.3 and 3.2 nm, respectively ( Table 2) . XRD data together with AFM measurements ( Figure S4 ) indicated regular and ordered structures of the nanosheets and are consistent with the display of the sugars on the nanosheet surface.
Protein Binding to Glycosylated Nanosheets. Because of the high-density display of sugars in a planar format, the glycosylated peptoid nanosheets can be useful binders for multivalent threat agents such as toxins and viruses. As a model for the binding studies, the interaction between nanosheets and lectins, multivalent carbohydrate-binding proteins, 5 were investigated. Specifically, mannose and N-acetylglucosamine are well-known ligands for Concanavalin A (ConA) and Wheat Germ Agglutinin (WGA), which are dimeric and tetrameric 
Article structures having 4 and 8 binding sites, respectively ( Figure  S5A,B) . 50, 51 The shortest distance between binding sites for mannose and N-acetylglucosamine in ConA and WGA is approximately 7.0 and 1.1 nm, respectively. In the case of the glycosylated nanosheets, simple models suggest that the individual saccharide units are separated by a minimum distance of 0.9 nm. Because of the brick-like lattice of extended peptoid chains, there are two possible separations of sugars on the surface of glycosylated peptoid nanosheets that impact the binding site density ( Figure S5C ). To explore the performance of these materials, we next investigated the binding affinity of mannose (8) and N-acetylglucosamine (9) nanosheets for ConA and WGA using fluorescence microscopy and Forster resonance energy transfer (FRET).
First, the interaction between mannosylated peptoid nanosheets and ConA was studied by using fluorescence microscopy. Sugar functionalities need to be displayed at the right distance to simultaneously interact with multiple binding sites on the protein of interest. To create nanosheets with different densities of sugar units on their surface, the nanosheets were prepared at various dilutions with unfunctionalized peptoid 2. This allowed us to correlate the degree of protein binding with the average separation distance of the sugars on the material surface.
Mannosylated peptoid nanosheets 5 and 6 (without loops and with short linkers) were mixed with fluorescently labeled FITC-ConA and incubated for 3 h at room temperature before dialysis to remove unbound protein. The resultant material was then analyzed by fluorescence microscopy. The emission signal derived from these two peptoid nanosheets was very low, meaning that these conjugates were not able to bind specifically ConA ( Figure S6 ). We believe that the lack of binding was caused by the inaccessibility of the carbohydrates on the material surface. For this reason, a different peptoid was designed to position the sugar in the center of a flexible hydrophilic loop (peptoid 8). The added hydrophilicity of the polymer was compensated by using larger hydrophobic biphenyl residues, allowing the normal formation of the nanosheets. Engineering the peptoid in this way, the sugar moieties are likely more exposed on nanosheet surface and should be more readily accessible to the binding proteins. Peptoid nanosheets were prepared at different compositions (from 0% to 100%) of mannosylated peptoid 8 in a background of unfunctionalized peptoid 2. Although peptoid 8 is a 35mer and peptoid 2 is a 28mer, they have identical nanosheetforming domains, and can coassemble. 34 In contrast to the peptoid nanosheets 5 and 6 without loop, a significant level of ConA binding was observed with the loop-nanosheets when the composition of 8 was higher than 25% ( Figure 5A ). To better understand the impact of ligand display density, we determined the intensity of the fluorescence signal detected from the FITC-ConA bound to the nanosheets as a function of the amount of glycosylated peptoid on the nanomaterial. We first calculated the average distances of sugar units displayed on the materials prepared with different dilutions (see Supporting Information). Because we assume that the distribution of sugar locations is stochastic, these distances are approximations of the average shortest possible distances between sites on the nanosheet. We then plot the intensity of the bound protein against the average sugar-to-sugar distance on the nanosheets surface ( Figure 5C ). We observed a dramatic increase in protein binding when the mannose units are less than 3 nm apart from each other (corresponding to a 25% dilution of 8 into 2). This spacing is the threshold distance to observe strong binding, suggesting cooperative behavior among multiple sugar units.
The same experiment was performed to investigate the ability of N-acetylglucosamine-functionalized peptoid nanosheets (9) to bind WGA. Peptoid nanosheets were self- assembled from peptoid 2 and 9 at different molar ratios and then incubated with WGA. As depicted in Figure 5B , significant protein binding was observed. Also, as observed for the mannosylated nanosheets, we observed a correlation between the carbohydrate surface-display distances and protein binding. Differently from before, here the threshold distance is slightly smaller, at 1.2 nm (corresponding to 50% of glycosylated peptoid), due to the smaller distance between the binding sites on WGA ( Figure 5D ). Indeed, the binding sites in ConA are 7.2 nm apart from each other, whereas in WGA they are only 1.4 nm apart. Thus, a higher density of N-acetylglucosamine is required in comparison to mannose to detect a binding event with WGA. These results are consistent with the expected trend of binding for ConA and WGA considering their interbinding site distances. This experiment shows the ability of peptoid nanosheets to display specific ligands on their surface, in particular when the cargo is exposed in the context of a hydrophilic loop. The distance between the peptoid backbone and the saccharides, or the flexibility of the loop play fundamental roles in the protein binding. Certainly, the steric accessibility of the sugars to the binding sites of the proteins is increased for nanosheets 8 and 9, explaining the missed interaction of ConA with mannose derivatives 5 and 6, which lack the loops.
To better quantitate the binding avidity of these glycosylated nanomaterials to bind proteins, we developed a homogeneous FRET binding assay. We employed BODIPY-FL C16, which can be inserted noncovalently into the nanosheet hydrophobic core to serve as a reporter upon binding to Alexa647-conjugated proteins. As a model system, biotinylated peptoid nanosheets were self-assembled with BODIPY-FL C16, and then Alexa647-conjugated streptavidin was added ( Figure S7A ). Upon protein binding, the emission of BODIPY-FL C16 decreased and the emission at 675 nm increased ( Figure S7C ) indicating energy transfer between the fluorophores in close proximity to one another. As expected, this interaction was not observed in the case of unfunctionalized peptoid nanosheets ( Figure S7B ). We next applied this assay format to the detection of ConA, WGA, and Stx1B binding to glycosylated peptoid nanosheets. It is important to consider the size of the protein in this type of screen. Indeed, the distance from a peptoid nanosheet to ConA and WGA could be as much as 9.5 and 5.5 nm, respectively ( Figure 6A ). However, since the proteins are labeled with multiple fluoropohores, the average distance is on average significantly less. Because the FRET distance (R 0 ) of BODIPY-FL C16/Alexa647 pair is ∼5 nm, 52 a homogeneous FRET detection method should be effective to detect the binding of these proteins to the glycosylated peptoid nanosheets 8 and 9.
As shown in Figure 6B , unfunctionalized nanosheets 2 exhibited only BODIPY-FL C16 emission in the presence of ConA, and the photoluminescence (PL) spectra are essentially unchanged in the absence of ConA. In the case of the mannosylated peptoid nanosheets 8, emission from Alexa647 at 675 nm becomes increasingly observable commensurate with a reduction in PL from the BODIPY-FL C16 due to ConA binding to the peptoid nanosheets and energy transfer. Similar results were observed upon the interaction of Alexa647-WGA with either N-acetylglucosamine peptoid nanosheets 9 or unfunctionalized nanosheets 2. As expected, FRET only occurred in the solution containing glycosylated nanosheets.
The selectivity of the binding of peptoid nanosheets 8 and 9 was then investigated by evaluating FRET signal against a panel of four proteins: ConA, WGA, streptavidin, and protein A ( Figure 6C ). First, we confirmed that unfunctionalized peptoid nanosheets 2 have no binding affinity against any of the proteins. We found that the FRET ratio of glycosylated peptoid nanosheets 8 and 9 to ConA and WGA is 7-and 9-times higher than to the other proteins, meaning that the glycosylated peptoid nanosheets selectively bind the proteins. The selectivity was also observed using fluorescence microscopy ( Figure  6D ,E). Only red emission from Alexa647-conjugated proteins was monitored in the glycosylated peptoid nanosheets 8 and 9 with ConA and WGA, respectively. The red emission is continuous with the green emission from BODIPY-FL C16 in the glycosylated peptoid nanosheets. Taken together, these experiments by the homogeneous FRET assay demonstrated that glycosylated peptoid nanosheets 8 and 9 have selective binding affinity to ConA and WGA.
Binding of Alexa647-conjugated Stx1B to peptoid nanosheets incorporating sequences 11, 12, 13, or 14 were investigated using fluorescence microscopy. As shown in Figure 7B , only peptoid nanosheets displaying globotriose (12 and 14) show red emission. Conversely, peptoid nanosheets displaying lactose (11 and 13) do not show red emission. These observations clearly indicate that Stx1B was able to bind selectively to the globotriose nanosheets, relative to the disaccharide control. Interestingly, in this case we observed that the presence of a loop was not necessary for the protein binding. Indeed, using a longer linker (11 atoms between the peptoid backbone and the sugar instead of 4 and 6 for compounds 5-6) globotriose was sufficiently exposed on the nanosheets surface for the binding of Stx1B.
Using the homogeneous FRET assay described for ConA and WGA we next studied the binding of Stx1B to peptoids 11−14. As expected, lactose displaying peptoid nanosheets 11 and 13 did not show any emission from Alexa647, whereas globotriose displaying peptoids 12 and 14 showed significant emission at 675 nm, indicating binding ( Figure 7A ). We also evaluated the binding of 12 and 14 toward WGA, streptavidin, and protein A (vide supra). Nanosheets composed of conjugates 12 and 14 only bound to Stx1B and not to any other proteins tested ( Figure S8 ). All these data suggest the selective binding of 12 and 14 to Stx1B. Moreover, the FRET assay ( Figure S8 ) showed an increased binding of nanosheets 14 relative to 12, meaning that even a small loop can improve the exposition of the sugars on the surface allowing higher protein recruitment.
To determine the binding avidity of the functionalized nanosheets, we next explored the ability of free sugars to compete with the nanosheets for binding to the lectins. We focused on glycosylated peptoid nanosheets 9 for this study because of its higher binding efficiency for WGA than that of peptoid nanosheets 8 for ConA. For the competitive study, free N-acetylglucosamine was added at different concentrations to the solution containing the glycosylated peptoid nanosheets, prior to protein addition. The resulting binding curve is sigmoidal, with an inflection at ∼0.3 μM ( Figure 8A ). This suggests that the glycosylated peptoid nanosheets 9 interacts with the known binding site of WGA for N-acetylglucosamine. Because the IC 50 of N-acetylglucosamine to WGA is ∼0.9 μM, 50 there is a modest enhancement in binding due to the avidity resulting from multivalent display.
The cooperativity of this system was further studied by examining binding as a function of the protein concentration and of the sugar display density. This allows us to assess the (11, 13) and globotriose (12, 14) peptoid nanosheets. (B) Fluorescence microscopic images of glycosylated peptoid nanosheets displaying lactose (11, 13) and globotriose (12, 14) incubated with labeled Stx1B. FITC and Cy5 channel are used for imaging BODIPY-FL incorporated into peptoid nanosheets and Alexa647 conjugated proteins, respectively. Scale bar represents 50 μm. binding avidity as a function of sugar display density. 53 The slope in the plot of FRET ratio versus the concentration of WGA becomes gradually steeper with the increasing percentage of 9 in the peptoid nanosheets, indicating that the binding affinity to WGA is enhanced when the density of Nacetylglucosamine on the surface of the nanosheets is higher. This is consistent with previous reports, 54 where multivalent guest binding is significantly enhanced with a high density of targets. Thus, glycosylated peptoid nanosheets can be used as multivalent scaffolds to interact with target proteins and varying the display of the sugars we can tune the biological response.
CONCLUSION
Inspired by nature, we engineered the surface of peptoid nanosheets to mimic some of the properties of the cellular membrane to interact with multivalent proteins. Taking advantage of the known affinity of many proteins for carbohydrates, we functionalized the surface of peptoid nanosheets with a variety of simple sugars. Using coppercatalyzed azide−alkyne cycloaddition, a series of glycopeptoid conjugates were synthesized, establishing a versatile and facile synthetic procedure. The saccharide unit was appended to the middle of a hydrophilic loop domain on the peptoid strand or using a linker to allow the display of the sugar on the material. The subsequent formation of glycosylated peptoid nanosheets was demonstrated by fluorescence microscopy, SEM, and XRD. The display of the sugars within the flexible loop context was critical for the productive and selective interaction with the lectins ConA and WGA. To further analyze and quantitate the multivalent properties of the material, a FRET binding assay was developed. Using two different dyes, BODIPY-FL C16 incorporated into the nanosheets and Alexa647 labeled proteins, energy transfer from BODIPY-FL C16 to Alexa647 could be used to monitor protein binding. Binding to ConA and WGA was observed only with the glycosylated loopnanosheets, in comparison to unfunctionalized peptoid nanosheets, confirming the efficient interaction between glycosylated nanosheets and multivalent proteins. The binding was shown to be specific against a small panel of proteins and competitive with free sugar. Binding avidity was also shown to depend on the display density of sugars on the sheet surface, where the sugar ligands can be close enough to achieve enhanced avidity through multivalent interactions. Shiga toxin subunit B binding to globotriose-functionalized nanosheets was also demonstrated.
In summary, a convenient method has been developed to display mono-, di-, and trisaccharides at controlled densities on the surface of freely soluble peptoid nanosheets. These constructs are simple mimetics of the cell surface that can effectively bind the lectins Con A and WGA, as well as the clinically relevant Shiga toxin subunit B. Such constructs offer the potential to selectively bind to other multivalent proteins, or potentially intact viruses or cells. The homogeneous FRET assay is amenable to high-throughput screening, allowing combinatorial libraries of multivalent 2D nanomaterials to be screened for selective protein binding. Such materials are poised to impact the discovery of molecular recognition elements for sensors, as therapeutics and as materials for bioremediation of threat agents.
MATERIALS AND METHODS
All reagents and solvents used for the peptoid synthesis and for the binding studies were purchased from commercial sources and used without further purification.
General Procedure for Synthesis of Monosaccharide Peptoid Conjugates. Mannose (1.73 mg, 2 equiv) and triethylamine (6.71 μL, 10 equiv) were dissolved in 80 μL of D 2 O and the solution was cooled to 0°C in an ice bath. 2-Azido-1,3-dimethylimidazolinium hexafluorophosphate (2.74 mg, 2 equiv) was dissolved in 20 μL of acetonitrile and added to the mannose solution. The mixture was then incubated for 5 h at room temperature. Purified peptoid 8 (25.0 mg, 1 equiv) was dissolved in 500 μL of acetonitrile/water 1:1 and 2,6lutidine (84 μL, 150 equiv) was added. Then the azide-derivative mannose solution (without further modification), THPTA (10.5 mg, 5 equiv), and tetrakis(acetonitrile)copper(I) hexafluorophosphate (8.96 mg, 5 equiv) were added to the peptoid solution and the reaction mixture was stirred overnight at room temperature.
After that time, the solvent was evaporated and the crude peptoid was purified by reverse phase preparative HPLC. Eluent, A (0.1% TFA, v/v in water) and B (0.1% TFA, v/v in acetonitrile); gradient, sample was run at 15 mL/min with a gradient of 42−70% B in 100 min and UV detection at 214 nm. After lyophilization from acetonitrile/water (1:1, v/v), the product was obtained as a white powder. Products were characterized by MALDI-TOF and purity confirmed by reverse phase analytical HPLC using a linear gradient of 20−80% acetonitrile and water containing 0.1% TFA within 30 min at 1 mL/min flow rate and UV detection at 214 nm. For peptoid 4 and 5, the gradient used for the purification was 35−55% in 80 min.
The same procedure was adopted to functionalize peptoids with galactose and N-acetylglucosamine. In the synthesis of azido derivative N-acetylglucosamine, the procedure was slight modified as described previously. After 5 h of incubation, the solution was acidified to pH 2 using 1 M HCl and then neutralized to pH 7 by adding saturated NaHCO 3 solution, to avoid the formation of oxazoline derivative.
Synthesis of 6-Azido N-hexanoyl Derivatives β-D-Lactosylamine (17) and Globotriosylamine (18) . A solution of NH 4 HCO 3 (1 mg, 12.6 μmol) in 100 μL 15 M aq. NH 3 (Sigma-Aldrich) was mixed with either β-D-lactose (Alfa-Aesar) or globotriose (Carbosynth Ltd., UK and LC Scientific Inc. Canada) (10 μmol for both) and stirred at 42°C for 36 h. The crude mixture was diluted with 400 μL of water and lyophilized. MeOH (2 mL) was added to the resulting white residue and the solvent was evaporated under reduced pressure to remove bicarbonate. This procedure was repeated five more times until the solution was at neutral pH as monitored by indicator paper. The residue was dissolved in water and lyophilized to give a white powder and was carried to the acylation step immediately. Crude glycosylamine (15 or 16) (10 μmol) in water (30 μL) was cooled to 0°C and added to DMF (200 μL) in an ice bath, followed by addition of 6-azidohexanoic acid succinimidyl ester (19) (10 μmol, 1 equiv) and triethylamine (2 μL, 14 μmol, 1.4 equiv). The mixture was stirred at room temperature overnight. Another portion of 19 (1 μL, 7 μmol) was then added and stirred for an additional 2 days. The ester 19 was not added at more than two-times equivalents to minimize the undesired click product potentially formed by hydrolyzed 6azidohexanoic acid in the subsequent step. DMF was removed in vacuo to dryness by coevaporating with MeOH. The residue was carefully washed three times with DCM, dissolved in water, and lyophilized to obtain 17 (5 mg) and 18 (6 mg) as a white solid and carried to the next step without further purification. 15 HRMS (ESI) m/z cald for C 12 Synthesis of Lactose and Globotriose Peptoids. To a solution of alkynylated peptoid (S1 or S2, see Figure S2 ) (0.8 μmol, based on molecular weight of the TFA salt) in degassed DMF (400 μL) was added the azido-sugars 17 or 18 (2.33 μmol, 3 equiv) in water (70 μL), TACP (6 μmol, 6 equiv) and THPTA (6 μmol, 6 equiv), purged with nitrogen, and stirred for 2 h at room temperature. DMF was removed in vacuo to dryness. Residue was dissolved in 0.1 M Na 2 EDTA (aq.)/acetonitrile (7:3) and purification was carried out by reverse phase HPLC on a 250 × 21.2 mm 2 , 10 μm, 300 Å, Jupiter preparative C18 column using a linear gradient of 30−80% acetonitrile in water containing 0.1% TFA (v/v) over 60 min at 10 mL/min flow rate and UV detection at 214 nm. After lyophilization, the product was obtained as a white powder. Products were analyzed by MALDI-TOF and purity confirmed by reverse phase analytical HPLC (150 mm × 4.6 mm, 5 μm, Vydac 218TP C18 column) using a linear gradient of 5−95% acetonitrile and water containing 0.1% TFA (v/v) over 15 min at 1 mL/min flow rate and UV detection at 214 nm. See Supporting Information for characterization data.
Formation of Peptoid Nanosheets. Peptoid nanosheets were prepared as described previously. 30, 34 Briefly, purified peptoids were dissolved in a 2:1 (v/v) mixture of DMSO/water in a 2 mM stock solution. In a 4 mL (1 dram) cylindrical glass vial, a 20 μM peptoid solution was prepared in 10 mM Tris-HCl buffer, pH 8, with a final volume of 500 μL. The solution was gently mixed and then rotated from vertical to horizontal at room temperature using a custom-built device that rotates the vial every 30 min. 30 Protein Binding via Fluorescence Microscopy. Experiments with FITC-ConA were performed using the following buffer condition: 10 mM Tris, 150 mM NaCl, 0.01% Casein hydrolysate, 1 mM MnCl 2 and 1 mM CaCl 2 , pH 7.0. Experiments with FITC-WGA were performed using the following buffer condition: 10 mM Tris, 150 mM NaCl and 0.01% Casein hydrolysate, pH 7.0. 100 μL of peptoid nanosheets were gently mixed 100 μL of FITC-protein (final protein concentration 0.5 μM) and incubated at room temperature for 3 h in the dark. At that time, the nanosheets were dialyzed against the experiment buffer for 3 h in 1 mL float-a-lyzer G2, Spectra/Por (300 kDa MWCO for ConA and 100 kDa MWCO for WGA) to remove the excess of unbound protein. Two μL of nanosheets were deposited on 1.5% agarose gel, after complete adsorption 2 μL of Nile Red 2 μM was added and then the nanomaterial was imaged. Optical imaging of nanosheets was performed under epifluorescence illumination with an Olympus IX81 inverted microscope, fitted with a Hamamatsu Orca CCD camera.
Homogeneous FRET Binding Assay for Detecting Protein− Nanosheet Interactions. For the homogeneous FRET assay to validate protein binding to loop-functionalized peptoid nanosheets, nanosheet-forming solution with 5 μM BODIPY-FL C16 was selfassembled by rocking machine (rocking number was ∼250 and the waiting time per rock was 10 s) as previously reported. 30 Then the BODIPY-FL C16 incorporated peptoid nanosheets were mixed with the Alexa647-conjugated protein solutions at the following final concentration: 10 mM nanosheets, 2.5 mM BODIPY-FL C16, and 250 nM Alexa-conjugated proteins in 25 mM phosphate buffer, 150 mM NaCl, pH 7.4. In case of the competitive study in Figure 8 , Nacetylglucosamine monomer was added before the addition of proteincontaining solution to peptoid nanosheet. All fluorescence spectra were obtained using plate-reader under the excitation wavelength at 485 nm.
